Clostridium difficile infection is the most common cause of antibiotic-associated diarrhea in developed countries. The major virulence factor, C. difficile toxin B (TcdB), targets colonic epithelia by binding to the frizzled (FZD) family of Wnt receptors, but how TcdB recognizes FZDs is unclear. Here, we present the crystal structure of a TcdB fragment in complex with the cysteine-rich domain of human FZD2 at 2.5-angstrom resolution, which reveals an endogenous FZD-bound fatty acid acting as a co-receptor for TcdB binding. This lipid occupies the binding site for Wnt-adducted palmitoleic acid in FZDs. TcdB binding locks the lipid in place, preventing Wnt from engaging FZDs and signaling. Our findings establish a central role of fatty acids in FZD-mediated TcdB pathogenesis and suggest strategies to modulate Wnt signaling.
C lostridium difficile is an opportunistic pathogen that colonizes the colon in humans when the normal gut microbiome is disrupted. The infection leads to disruption of the colonic epithelial barrier, resulting in diarrhea and pseudomembranous colitis and 30,000 deaths annually in the United States alone (1) (2) (3) (4) (5) . The diseases associated with C. difficile infection (CDI) are caused by two C. difficile exotoxins, toxin A (TcdA) and toxin B (TcdB), which act as glucosyltransferases to inactivate small guanosine triphosphatases, leading to actin cytoskeleton disruption and cell death (3, (6) (7) (8) . Of the two toxins, TcdB alone is capable of causing the full spectrum of diseases in humans because TcdA -TcdB + strains have been clinically isolated (9) (10) (11) (12) . Chondroitin sulfate proteoglycan 4 (CSPG4), poliovirus receptor-like 3 (PVRL3), and frizzled proteins (FZDs) have been recently identified as TcdB receptors (13) (14) (15) (16) , with FZDs thought to be the major receptors in the colonic epithelium (13, 17) . FZDs are a family of transmembrane receptors for lipid-modified Wnt morphogens (18, 19) . Binding of TcdB to FZDs-especially FZD1, -2, and -7-not only mediates toxin entry but also inhibits Wnt signaling, which regulates self-renewal of colonic stem cells and differentiation of the colonic epithelium (13, 20, 21) . The mechanism by which TcdB specifically recognizes FZDs and inhibits Wnt signaling is unknown.
TcdB is a large multidomain protein (~270 kDa) (Fig. 1A) . We first screened and characterized a series of TcdB truncations and narrowed down a short TcdB fragment (residues 1285 to 1804), referred to as the FZD-binding domain (TcdB-FBD) (table S1), which robustly binds to the cysteine-rich domain of FZD2 [residues 24 to 156, referred to as cysteine-rich domain 2 (CRD2)]. Biolayer interferometry (BLI) analysis confirmed that TcdB-FBD binds to CRD2 with an affinity [dissociation constant (K d )~13 nM] similar to that of full-length TcdB (K d~1 9 nM) (fig. S1, A and F) (13) . We determined the cocrystal structure of TcdB-FBD in complex with human CRD2 at 2.5-Å resolution using TcdB-FBD produced in Escherichia coli and CRD2 produced as a secreted protein from human embryonic kidney (HEK) cells (table S2) . The structure reveals one TcdB-FBD-CRD2 complex in an asymmetric unit, with a total buried interface of~1488 Å 2 (Fig. 1B) . CRD2 adopts the conserved CRD fold with four a helices and two b strands stabilized by five disulfide bridges. The comparison between CRD2 and FZD7-CRD [Protein Data Bank (PDB) 5URV] and FZD8-CRD (PDB 4F0A) yielded root-meansquare deviations of~0.62 and~1.13 Å, respectively (22, 23) . TcdB-FBD adopts an L shape with its vertex bound by CRD2, and the overall structure of TcdB-FBD is similar to the homologous region in TcdA (Fig. 1B and fig. S2 , A and B) (24) .
A 16-Å-long cylinder-like electron density was observed in a hydrophobic groove in CRD2, which is completely buried between TcdB-FBD and CRD2 (Fig. 1C) . The homologous groove in CRD8 binds a palmitoleic acid (PAM) lipid modification of Wnt8, a conserved posttranslational modification crucial for Wnt signaling (23, 25, 26) . The PAM molecule seen in the structure of the CRD8-Wnt8 complex matches the electron density pattern in the hydrophobic pocket between TcdB-FBD and CRD2 (Fig. 1C) (23) . We assume that this PAM was copurified with CRD2 from HEK cells, although we could not unambiguously determine whether it is PAM or palmitic acid. This PAM is bound by both CRD2 and TcdB-FBD ( Fig. 2A) . CRD2 binds to PAM mainly through hydrophobic interactions: residues Q75, F76, M125, and F130 stabilize PAM from the side of its carboxylic group, and residues P78, L79, V82, L124, and F128 stabilize the middle of PAM's hydrocarbon chain (Fig. 2B ). This binding mode is similar to how Wnt PAM is stabilized in CRD8 (23) . The tail of the PAM acyl chain and some hydrophobic PAM-binding residues in CRD8 are exposed to solvent. In the CRD2 complex, these hydrophobic patches, which are energetically suboptimal in an aqueous environment, are fully shielded by TcdB-FBD. Specifically, F1597 of TcdB stabilizes the middle part of PAM, whereas residues L1433, M1437, S1486, L1493, and S1495 (together with V82 and L124 of CRD2) form a hydrophobic pocket to cap the PAM tail protruding from the CRD2 groove (Fig. 2 , B and C). This PAM is therefore completely buried, involving~580 and~320 Å 2 of surface areas with CRD2 and TcdB-FBD, respectively. Besides PAMmediated interactions, TcdB-FBD engages CRD2 directly through an extensive network of hydrogen bonds and hydrophobic interactions surrounding the lipid-binding groove, which likely provides the major driving force for assembling the complex (Fig. 2, D and E, and table S3). Many of these residues involved in protein-protein interactions also participate in PAM binding, suggesting that binding between TcdB-FBD and CRD is synergistically mediated by both proteins and PAM (Fig. 2F) .
To further probe the TcdB-FBD-lipid-FZD binding specificity, we examined binding of selected site-specific mutants of TcdB-FBD to FZDs. We first examined binding of TcdB-FBD variants to immobilized His-or Fc-tagged CRD2 using pulldown assays ( fig. S3A ) or BLI assays ( fig. S1 ). No exogenous PAM was added in either assays. TcdB-FBD variants carrying mutations that disrupt binding to both PAM and CRD2 (such as F1597G, F1597D, M1437D/L1493A, and L1433D/M1437D/ L1493A) did not yield detectable binding in either pull-down or BLI assays (K d > 10 mM). Mutations at the protein-protein interface (such as D1501A, Y1509A/N1511A, and Y1509A/Q1599A) drastically weakened the TcdB-FBD-CRD2 binding affinity by~43 to 138 times compared with that of wild-type (WT) TcdB-FBD (fig. S1F). A single point mutation (L1433D) disrupting a hydrophobic pocket in TcdB that accommodates the distal acyl tail of PAM also decreased the binding to CRD2 by~37 times. None of these TcdB-FBD variants interfere with protein folding, as verified with a thermal shift assay ( fig. S4 ). We then examined binding of TcdB-FBD variants to HeLa cells transiently transfected with fulllength FZD2 (Fig. 3A) or stably expressed glycosylphosphatidylinositol (GPI)-anchored FZD7-CRD ( fig. S3 , B and C). TcdB-FBD variants did not show detectable binding to FZD2 or FZD7-CRD-GPI at the concentration tested (50 nM), whereas WT TcdB-FBD bound robustly to these cells. The pull-down ( fig. S3A ) and the BLI (fig. S1) assays were more sensitive than the cell-based assays ( Fig. 3A and fig. S3C ) in detecting weak interactions between CRD2 and TcdB-FBD variants, likely as a result of relatively low concentrations of FZD2/7 expressed on the cell surface. The mutagenesis studies thus verify the structural findings and suggest that TcdB exploits a free fatty acid as the co-receptor to engage FZDs. The CRD2-or PAM-interacting residues in TcdB are not conserved in TcdA ( fig. S2C ), explaining the unresponsiveness of FZDs to TcdA (13) . In particular, we found that TcdA and TcdB are distinct in a small area that contains three residues (F1597, L1598, and Q1599) that bind to PAM and CRD2 ( fig. S2C ). When we replaced this region in TcdB-FBD ( 1595 VNFLQS) with the corresponding residues in TcdA ( 1596 GFE), the mutated TcdB-FBD could no longer bind FZD2, confirming the importance of this region in TcdB for FZD binding (Fig. 3A and figs. S1F and S3A). We then generated a full-length TcdB carrying the same mutations that abolish FZD binding (termed TcdB GFE ) and used it as a molecular tool to determine the physiological relevance of FZDs and lipids to the toxicity of TcdB. We first validated the activity of TcdB GFE using a cell-rounding assay (CR 50 ) on FZD1/2/7 knockout (KO) HeLa cells, which still express a high level of CSPG4 that could mediate toxin entry (13) . As shown in Fig. 3B , TcdB GFE and WT TcdB displayed a similar toxicity on FZD1/2/7 KO HeLa cells, indicating that TcdB GFE was properly folded. To separate the contribution of CSPG4 and FZDs to toxin cell entry, we further tested the activity of TcdB GFE and WT TcdB on CSPG4 KO HeLa cells. Indeed, FZD-binding-deficient TcdB GFE displayed a~190 times reduced toxicity compared with that of the WT toxin, demonstrating the functional role of FZDs in mediating TcdB binding and entry into cells (Fig. 3B) .
The binding site for the lipid co-receptor in FZDs also accommodates the Wnt PAM or exogenous lipids in vitro (22, 27) the corresponding full-length mouse FZD2 in CSPG4 KO HeLa cells (residue numbering is based on human FZD2 sequence). The use of CSPG4 KO HeLa cells also allows us to examine the interactions between these lipid-bindingdeficient FZD2 variants and TcdB. Although all four FZD2 variants were expressed in cells, they lacked detectable levels of glycosylation (Fig. 3C) . Surface biotinylation assays confirmed that these four variants failed to reach the cell surface (Fig.  3D) . In comparison, mutating CRD2 residues in the protein-protein interface with TcdB-FBD (such as K127A, K127E, and Y77A) or residues at the edge of the lipid-binding groove (such as F128D and F130D) did not notably alter FZD2 glycosylation and surface expression. We also confirmed that FZD2-K127A/E mediated similar levels of Wnt signaling as WT FZD2 did in cells, demonstrating that they were correctly folded (Fig. 3E, and fig. S5, A and B) . These results thus suggest that binding of an endogenous free fatty acid in CRD2 is crucial for proper folding, glycosylation, and/or trafficking of FZD2, providing evidence for the existence and importance of free lipid-FZD interaction in a physiological context. Furthermore, none of these FZD2 variants mediated binding of full-length TcdB when expressed in CSPG4 KO HeLa cells (Fig. 3C) , further illustrating the role of FZDs as TcdB receptors. Besides FZD1, -2, and -7, which are highaffinity receptors for TcdB (13) , other FZDs likely also bind endogenous fatty acids because the hydrophobic lipid-binding groove in CRD2 is largely conserved across all 10 members of FZDs (Fig. 2F) . But subtle amino acid differences in this groove or the neighboring region may influence how tightly a fatty acid binds to a CRD. For example, recombinant CRD5 does not contain a free fatty acid, which may have dissociated during CRD5 purification, but it could bind exogenous PAM provided in solution (22) . We confirmed that CRD5 by itself only weakly pulled down TcdB-FBD, but preincubation of CRD5 with PAM clearly increased its binding to TcdB-FBD (Fig. 4A) . This "gain of function" for CRD5 to bind TcdB-FBD aided by the free PAM further supports the notion that a CRD-bound fatty acid is a critical co-receptor for TcdB. Our data suggest that the affinity and specificity of different FZDs toward TcdB are likely determined by a combination of their interactions with free fatty acids, as well as their specific protein-protein contacts with TcdB. For instance, residues Y77, K81, V82, A123, and K127 of CRD2 that contact TcdB are only conserved in FZD1, -2, and -7 (Fig. 2F ). Disrupting such protein-protein interactions in FZD2 (such as Y77A and K127A/E) greatly decreased binding by full-length TcdB when expressed in CSPG4 KO HeLa cells (Fig. 3C) . It is well established that Wnt binds to FZD-CRD via the Wnt PAM as a major driving force (18, 21, 23) . The Wnt PAM occupies the same hydrophobic groove in CRD as the free lipid (Fig. 1D) . We found that TcdB-FBD can bind to the Wnt-FZD complex using the Wnt PAM as a co-receptor because TcdB-FBD engages CRD2 from the opposite side of the Wnt-binding interface without direct steric competition with Wnt (Fig. 4B) . The ability to recognize Wntbound FZDs is perhaps particularly advantageous for TcdB to recognize certain FZDs that may have weaker affinities for free lipids. Indeed, we found that preincubation of Wnt3A with CRD5 enhanced binding of TcdB-FBD to CRD5 in pull-down and BLI assays, whereas the enhancement was dramatically reduced for TcdB-FBD-F1597G (Fig. 4, C and D) . Similar Wnt-mediated enhancement was also observed for three other CRDs (human FZD4, FZD8, and FZD9) ( fig. S6 , A to C) and was further confirmed by using full-length TcdB and CRD5 ( fig. S6D) . Thus, TcdB can use the Wnt PAM, a conserved Wnt posttranslational modification, as a coreceptor to recognize a broad range of FZDs despite their sequence variations.
CRD2 and the preformed CRD2-Wnt3A complex were recognized equally well by TcdB-FBD or full-length TcdB (Fig. 4E and fig. S7A ). This suggests that either the free lipid or the Wnt PAM supports TcdB binding to CRD2. By contrast, upon binding to TcdB-FBD or full-length TcdB, CRD2 could no longer bind Wnt3A (Fig. 4F  and fig. S7B ). This is likely because the Wnt PAM cannot displace the free fatty acid once it is locked in place by TcdB. This is consistent with the observation that TcdB-FBD blocked Wnt3A-induced signaling in cells, whereas the CRD-binding-deficient TcdB-FBD variants did not (Fig. 3F and fig. S5, C and D) . Recent studies suggested that Wnt PAM may contribute to CRD dimerization, although the contribution of such FZD dimerization to activate Wnt signaling remains to be fully established (22, 27) . Two different CRD dimer configurations have been reported ( fig. S8A) (22, 27) . Binding of TcdB, or TcdB-FBD, would prevent CRD dimerization in either configuration because of steric competitions, which may also contribute to Wnt signaling inhibition ( fig. S8B ).
Given our extensive in vitro and ex vivo data demonstrating the role of FZDs and the FZDbound fatty acids as TcdB receptors, we sought to determine the physiological relevance of TcdBlipid-FZD interactions to the toxicity of TcdB in vivo. Colonic tissues are the pathological relevant target tissue for TcdB. It has been shown that FZDs are major receptors in the colonic epithelium, whereas CSPG4 is expressed in the subepithelial myofibroblasts but not colonic epithelium (13) . We therefore used a mouse cecum injection model, which has been previously used to assess TcdB-induced damage to colonic tissues (28, 29) . Briefly, a full-length FZD-binding-deficient TcdB variant, TcdB GFE (Fig. 3B) ; the WT TcdB; or the control saline solution was injected into cecum of WT mice. Mice were allowed to recover, and cecum tissues were harvested 12 hours later for analysis. WT TcdB induced severe bloody fluid accumulation and vesicular congestion in the cecum, resulting in drastic swelling as expected. By contrast, TcdB GFE induced much less fluid accumulation and no obvious vesicular congestion (Fig. 5A) . To further examine the damage to tissues, we carried out histological analysis with paraffinembedded cecum tissue sections. These tissues were scored according to four histological criteria-including disruption of the epithelium, hemorrhagic congestion, mucosal edema, and inflammatory cell infiltration-on a scale of 0 to 3 (normal, mild, moderate, or severe). WT TcdB induced extensive disruption of the epithelium and inflammatory cell infiltration, as well as severe hemorrhagic congestion and mucosal edema, whereas TcdB GFE induced much less damage on all four criteria (Fig. 5, B and C) . We further assessed the integrity of epithelial tight junction by means of immunofluorescent staining for tight junction marker Claudin-3. WT TcdB induced extensive loss of Claudin-3 in the epithelium, whereas the overall morphology of the epithelial tight junction was not changed after treatment with TcdB GFE (Fig. 5D ). Taken together, these data further prove that FZDs are the major pathologically relevant receptors for TcdB in the colonic tissues.
Wnt signaling is critical for development, tissue homeostasis, stem cell biology, and many other processes, and its malfunction is implicated in diseases, including a variety of human cancers and degenerative diseases (21, 30) . The FZDantagonizing mechanism exploited by TcdB turns a toxin into a potential pharmacological tool for research and therapeutic applications. The unexpected fatty acid-dependent binding of TcdB to FZDs also exposes a vulnerability of TcdB, which could be exploited to develop antitoxins that block toxin-receptor recognition.
